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Classification of Human Carotid Atherosclerotic Lesions 
With In Vivo Multicontrast Magnetic Resonance Imaging 

Jian-Ming Cai, MD, PhD; Thomas S. Hatsukami, MD; Marina S. Ferguson, BS; Randy Small, BS; 

Nayak L. Polissar, PhD; Chun Yuan, PhD 

SocA^rdu/ti/— Recent studies demonstrated that in vivo and ex vivo MRI can characterize the components of the carotid 
atherosclerotic plaque, such as fibrous tissue, lipid/necrotic core, calcium, hemorrhage, and thrombus. The purpose of 
this study was to determine whether in vivo high-resolution multicontrast MRI could accurately classify human carotid 
atherosclerotic plaque according to the American Heart Association classification. 

Methods and Results — Sixty consecutive patients (mean age 70 years; 54 males) scheduled for carotid endarterectomy 
were imaged with a 1.5-T scanner a^er informed consent was obtained. A standardized protocol was used to obtain 4 
different contrast-weighted images (time of flight and T1-, PD-, and T2-weighted) of the carotid arteries. Best voxel size 
was 0.25X0.25X1 nun^ Carotid plaques were removed intact and processed for histological examination. Both MR 
images and histological sections were independently reviewed, categorized, and compared. Overall, the classification 
obtained by MRI and the American Heart Association classifications showed good agreement, with Cohen's k (95% CI) 
of 0.74 (0.67 to 0.82) and weighted k of 0.79. The sensitivity and specificity, respectively, of MRI classification were 
as follows: type MI lesions, 67% and 100%; type III lesions, 81% and 98%; type IV-V lesions, 84% and 90%; type VI 
lesions, 82% and 91%; type VII lesions, 80% and 94%; and type VIII lesions, 56% and 100%. 

Conclusions — In vivo high-resolution multicontrast MRI is capable of classifying intermediate to advanced atherosclerotic 
lesions in the human carotid artery and is also capable of distinguishing advanced lesions firom early and intermediate 
atherosclerotic plaque. {Circulation. 2002;106:1368^1373.) 
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Atherosclerosis is a chronic disease that affects medium 
and large arteries. The resultant plaque may grow to 
obstmct the lumen or to disseminate material into the blood 
stream and may cause myocardial infarction, stroke, and 



peripheral vascular disease.*"^ In^^an attempt to categorize 
these complex l^^ip, the 'Ani^ca^^^Heax^-^i^soc^tion^ 
I created a failed classification schme diat ^ de-^' 



(AHA) 

signed to be used 
obtained by a variety 6 



a 



a histological 'template" for iniagesl i] 



atherosclerotic plaques, couldi be.icbi^^^y characterized 
with high sensitivity ahd> specificity '^^vo. Yuan et al^ 
demonstrated that in vivo multispectral MRI could identify 
the lipid-rich necrotic core and recent intraplaque hemorrhage 
in human carotid 'atherosclerosis with high sensitivity and 
spe|ifi^.^!^cau^ lesic^t^es^^^iu^damentally based on 
gtheVariSis clttnpo^nt^f the^lag^e, n|alticontrasN weighted 



atherosclerosis. 



See p 



A number of recent publications*-*^ demonstrated that in 
vivo and ex vivo MRI can characterize the composition of 
human carotid atherosclerotic plaque, such as fibrous tissue, 
lipid and necrotic core, calcium, hemorrhage, thrombus, and 
the status of the fibrous cap (FC). Shinnar and colleagues^ 
showed that by using multiple MRI sequences and images. 



llesi'^-typ^cl^ificiiion. The purpose of 
^ " "^•"h^dthesis that in vivo 

^^aq^^tely classify human 
* " to a modified his- 
tological classification scheme based on AHA guidelines. 



Methods 

Study Population 

Between September 1998 and March 2001, 60 consecutive patients 
(mean age 70 years; 54 males) scheduled for carotid endarterectomy 
at the University of Washington Medical Center or VA Puget Sound 
Health Care System were recnuted for the study after informed 
consent had been obtained. Institutional review boards of each 
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TABLE 1. Conventional and Modified AHA Classification of 
Attierosclerotic Plaque 



Conventional AHA Classification 



Modified AHA Classification for MHl 



Type I: initial lesion with foam cells 

Type n: tetty streak with multipie 
foam ceO layers 

Type ni: preatheroma with 
extracellular lipid pools 



Type IV: atheroma with a confluent 
extracellular lipid core 

Type V: fibroatheroma 

Type VI: complex plaque with 
possible surface defect, hemorrhage, 
or thrombus 

Type VI): calcified plaque 

Type VIII: fibrotic plaque without lipid 
core 



Type HI: near-normal wall thickne^, 
no calcification 



Type 111: diffuse intimai thickening or 
small eccentric plaque with no 
calcification 

Type IV-V: plaque with a lipid or 
necrotic core surrounded by fibrous 
tissue with possible calcification 

Type VI: complex plaque with 
possible sur^ce defect, hemorrttage, 
or tfirombus 

Type VII: calcified plaque 

Type VIII: fibrotic plaque without lipid 
core and with possible small 
calcifications 



facility approved the consent forms and study protocols. All patients 
underwent a carotid artery MRI examination within 1 week of the 
surgical procedure. The specimens were fixed in formalin, decalci- 
fied, and embedded in paraffin. Samples were sectioned (10 fun 
thick) every 0.5 to 1 .0 mm throughout the length of the endarterec- 
tomy specimen and stained (hematoxylin-eosin and Mallory's 
trichrome). An established protocol was used for the histology 
processing, which is documented in Yuan et al." 

MM Protocol 

Patients were imaged with a custom-designed phased-array carotid 
coil in a 1.5-T GE Signa scanner (Horizon EchoSpeed, version 
5.6/5.8, GE Medical Systems). A standardized protocol was used to 
obtain 4 different contras^^^ghttti iralges (time of flight [TOF] and 
TI-, PD- and T2-weigJ^d) of the carotjd arteries 2 cm.proxiraal 
2 cm distal to the bif^^ation.^ Fat si^J)ressH)n^ai^^^to rec 
signal from subcutaneous fatty tissue^^Parpietei^for the 



Our modified lesion-type classification scheme (Table 1) was 
derived from experience reviewing MR images and an extensive 
literature review of atherosclerosis publications, '•^-8*'^ In this clas- 
sification scheme, types I and II of the AHA classification were 
combined into type MI. The current resolution of MRI does not 
allow for the differentiation of discrete foam cells in type I and the 
multiple foam cell layers of the fatty streak in type 11. Types IV and 
V in the AHA classification were combined into type IV -V because 
the ability of MRI to distinguish the proteoglycan composition of the 
type rv cap versus the dense collagen of the type V cap has not been 
demonstrated. 

The imaging features used to identify these lesion types were as 
follows: FC, calcification, lipid or necrotic core, hemorrhage, and 
fibrosis. Given the current level of resolution by MRI, types I aAd II 
are indistinguishable from the near-normal carotid wall. Histologi- 
cally, type III is characterized by a slight diffiise or eccentric 
thickening of the wall containing pools of extracellular lipid. In 
Tl WI and PDWI, these pools appeared as focal, slightly high signals 
in some cases. Histologically, type IV-V contains a lipid or necrotic 
core, which by MR may have high signal intensity (SI) or iso-SI on 
TIWI, high or iso-SI on PDWI, and varied SI on T2WI. Interpreta- 
tion of SI was made with reference to the immediately adjacent 
sternocleidomastoid muscle.' 

The lumen surface defect and recent hemorrhage in type VI can be 
detected by multicontrast MRI.« »2.i3 The intoct and thick FC 
(>0.2S mm) appears as a juxtaluminal band of low signal in TOF 
images. The absence of this hypointense band indicates the possi- 
bility of a thin, absent, or remodeling cap. A rupture is suspected 
when the band is absent on TOF and a region of high SI is adjacent 
to the lumen.* 2 Recent hemorrhage appears as high SI in both TIWI 
and TOF images.*^ The extended calcification of the type VII plaque 
is readily detected by MRI, showing irregular low SI on all 
contrast-weighted images. Type Vm is a highly fibrotic lesion that 
often displays moderate to severe stenosis and is classified as such 
when the criteria for types IV-V, VI, and VH ^ excluded. 

Correlation Between MlU^a^^^ 

MR images and histological sections were im^endently reviewed 
and categorized The process of ' matching images to histology 
sections used landmarks such as the relative distance from the 
"^conmion carotid biflrrcation and gross morphological features such 

1 : J It '-''"Mtions. Shrinkage of the 

^sistent throughout the 



1*.^ .^is ^ TT*' "?* '^-'"^^—'73—^^^ 'i" '-gT '^T^ — -J- required for accurate 

sequences were as fdflpws: (I)' doiiifcle-mversibnVrecdvc& t|ma&hing? % ^ % M 

weighted 2D fast spin-eS^d^f^petitiSS'tiirfe^ rrRl/T^m^ to%ho^* '^'^^ ^ ^ 




shared echo fast spin-ecHoTon^-weigS^'a^^^ images 
(TR 3RR, first echo TE 20 ms, second echo TE 40 ms. FOV 13 cm, 
thickness 2 mm, 256X256 matrix, NEX 2); and (3) 3D-T0F (TR/TE 
23/3.8 ms. Hip angle 25**, FOV 13 cm, thickness 1 to 2 mm, 
256X256 matrix, NEX 2). With zero-padded Fourier transform, the 
best voxel size achieved was 0.25X0.25x1.0 mm^. 

Image Review 

Per-artery based image-quality rating (5-point scale, 1 -worst, 
5= best) for each contrast weighting was assigned to all MR images' 
before the review. For each imaging location, there were 4 images 
available to be reviewed to determine die lesion type. To decrease 
dependence on lesion type, images were selected at 4-nun distances. 
This protocol generated 4 to 6 image locations per artery that could 
be compared with histological sections of the endarterectomy spec- 
imens. All MR images from each of the contrast weightings were 
filmed and examined by one radiologist (J.-M.C.) who was blinded 
to the histological findings. The histology slides were reviewed 
independently by a reviewer (M.S.F,) who was unaware of the 
imaging results and were categorized according to the AHA classi- 
fication (Table 1) based on the histopathological classification 
described by Stary et al.'-'^ 



3^h|a^S;;«5OTtKJ were determined 

with SPSS for Windows (version 10). Cohen's k and weighted k 
were computed to quantify the agreement between the MRI fmdings 
and histology. For weighted k, full weight was given to perfect 
agreement, half weight was given to disagreement by 1 grade, and 
zero weight was given to other disagreements. A k value of 0.61 to 
0.80 indicates good agreement, and 0.81 to l.O indicates very good 
agreement. 

Because multiple image locations from each patient were used for 
statistical evaluation, the lesion types obtained from adjacent loca- 
tions were assessed for interdependence by comparison of the MRI 
classification of each location with the classification of the next 
distal location ("forward" k) and calculation of Cohen's k. A similar 
comparison was made for each location and the next proximal 
location ("backward" k). 



Results 

One endarterectomy specimen was imsuitable for histology 
analysis because of disruption during histological processing, 
and 7 patients were excluded because of an image quality of 
^2 caused by patient motion during the scan. The remaining 
52 patients provided 252 locations (average 5 locations per 
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PDWI 



T2WI 



Figure 1. Example of type l-ll lesion in common carotid 
artery (layered foam cells were detected by histology). On 
muitlcontrast-weighted MR images, carotid wall appears normal 
(arrow). * indicates lumen; JV, jugular vein; H&E, hematoxylin 
and eosin. Original magnlification xlO. 

artery with a longitudinal coverage of 2 cm each) with 
different contrast weightings (TOF, T1-, PD-, and T2- 
weighted) that coiild be compared with the corresponding 
histological sections of the endarterectomy specimens. Co- 
hen's K analysis of lesion type, comparing adjacent locations, 
was ^0.20 for both forward and backward k, which indicates 
that each location could be considered as an independent 
assessment 

Our patient population with advanced lesions yielded a 
large number (92/252) of complex plaques (type VI) with 
surface defects, hemorrhage, and thrombosis. The remaining 
matched locations consisted of 37 intermediate plaques (type 
m), 56 atheromatous and fibroatheromatous plaques (type 
IV-V), and 46 calcified plaques (type VII). Only 12 locations 
corresponded to type J^lftesidns and 9 to type Vm lesions. 




Figure 3. Example of type IV-V lesion in internal carotid artery 
(llpid-rich necrotic core was detected by histology). On 
muitlcontrast-weighted MR images, (ipid-rich necrotic core 
(an-ow) had iso-SI on both T1WI and TOF images, but iso-SI to 
slightly high SI on PDWI and T2WI images, lojmen is moderately 
stenosed. * indicates lumen. Original magnification X10. 



ical slices. The overall correct classification was 80,2% 
(202/252), None of the advanced lesions (types IV-V, VI, 
Vn, or VHI) were incorrectly classified as early (type MI) or 
intermediate (type III) lesions. Overall, the Cohen's k value 
between die Classification obtained by MRI and the histolog- 
ical classifications (Table 2) was 0.74 (95% CI 0.67 to 0.82), 
and weighted k was 0.79, corresponding to good agreement. 
The sensitivity and specificity, respectively, of MRI for 
categorizing each lesion^ type ^^as f^b^: type I-II, 67% 
and 100%; type 01, 81% and 98%r typ^lpV, 84% and 90%; 
type VI, 82% and 91%; type VII, 80% and 94%; and type 
vm, 56% and 100%. 



Figures 1 through 6|j?ow sample4magw f^^^ i "^§^ 4^ 

and their correspomhhg histologic^ sepons^ ^ || pThis §tirdy ^vid& thl* firs^videnc^Rhat classification of 
nr_i_.. ^ :M 1.. — ^"'esi^ t^es^basedfon ^6 apj^aiHice i)f I 



Table 2 sununari^Mie results ^hi^-resdjution MRI and| 
histological examinatio^iirtlie cla^fic^tion b^S^hisfolbg^'^"^ 



lesf^^j^es^sed^n^e ap^aiMice if the carotid athero- 




PDWI 



T2WI 



Figure 2. Example of type Hi lesion in common carotid artery 
(extracellular lipid pool was detected by histology). On 
multiccntrast-weighted MR images, carotid wall shows slight 
eccentric thiclcening (arrow). * indicates lumen; JV, jugular vein; 
H&E, hematoxylin and eosin. Original magnification X10. 



Mallofy's Trtchrome 



Figure 4. Example of type VI lesion just distal to carotid bifurca- 
tion (acute to subacute mixed hemorrhages were detected by 
histology). On muitlcontrast-weighted MR images, acute and 
subacute mixed hemorrhage had high SI on both TOF and T1WI 
images. iso-SI to slightly high 31 on POWl and T2WI images 
(anrow). * indicates lumen. Original magnification xlO. 
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TABLE 2. ClassHication of Carotid Atherosclerotic Plaque by 
Multicontrast Weighted MRl and Histological Examination 

Classification by Histological lamination 



Classification 
by MRl 


HI 


III 


W-V 


VI 


Vli 


VUl 


Total 


Mi 


8 












8 


Hi 


4 


30 










34 


IV-V 




7 


47 


8 


2 


2 


66 


VI 






6 


75 


7 


1 


89 


VII 






3 


9 


37 


1 


50 


Via 












5 


5 


Total- 


12 


37 


56 


92 


46 


9 


252 


Cohen's k 


(95% C0= 


0.74 (( 


}.67 to 0.82); weighted 


K= 


0.79. 





Figure 5. Example of type Vli lesion in common carotid artery. 
Extensive calcification was present in plaque by histology 
(boundary of calcified region is outlined for clarification.). On 
multicontrast-weighted MR images, calcified region (arrow) had 
low SI on all images. * indicates lumen; JV, jugular vein; H&E, 
hematoxylin and eosin. Original magnification X10. 



sclerotic plaque with in vivo, high-resolution, multicontrast- 
weighted MR! closely agrees with histological findings ac- 
cording to our slightly modified AHA classification, with a 
K-value of 0.74 for the overall agreement. MRl has the 
potential to document carotid lesion types noninvasively. 

In an ex vivo study that was designed to classify athero- 
sclerotic plaques, Serfaty et al'^ showed that ex vivo high- 
resolution MRl with T2W alone could accurately classify 
fibrocalcific plaque but was subject to limitations in the 
classification and analysis of other types of atherosclerotic 
lesions. Their study did not include preatheromatous lesions 
(type III) and complicated- lesjonsiwith surface defect (type 
VI) because of the la^^ of appropriate specimens. 

In the present stuoy, high sensinvity^wa specificit)^wer^^ 
achieved from type iI|^to type VU l^ior^ witli^nougji sampl^ 
size (type HI 37, type*iy^^g. type affdjype 



samples) but low sensitivity for type 1-11 (67%) and type VIJI 
(56%), with 12 and 9 cases, respectively. Results for detect- 
ing the lipid-rich necrotic core (type IV-V) and recent 
hemorrhage (type VI) showed good agreement with previ- 
ously reported data.^ 

Given the complexity of tissue components, the use of 
multiple contrast weightings is important for plaque tissue 
characterization^-^ and lesion-type classification. In particu- 
lar, the SI of hemorrhage is dependent on the structure of 
hemoglobin and its oxidation state.**'' Recent (subacute) hem- 
orrhage with short Tl and long T2 shows a high SI on all 
contrast-weighted images and is readily identifiable. A source 
of error in the detection of a small amount of hemorrhage is 
due to the partial volume effect by which the signal is 
averaged. We fouiid th&t'this factor 'al^^ntributed to the 
misinterpretation of 8 of 17« false^nega^^cases in the type 
VI lesion category. Although calcification is easily detected 
by MRl on all contrast weightings, calcium on die plaque 
1| surface or cadcific^nodules that extend into the lumen are 





PDWI 



T2WI 



Figure 6. Example of type Vill lesion in internal carotid artery. 
Connective tissue was characterized by Immunocytochemistry 
as proteoglycan-rich early matrix. Multicontrast-weighted MR 
images show varied SI. Severely stenosed lumen is mariced with 
asterisk. Original magnification XIO. 



[uence (TOF). Great 
of type VII lesions 
defects. Nine 

c&l$2G^i^^vnt& a small surface 

defect were classified incorrectly because the surface ap- 
peared smooth on a bright-blood sequence (TOF). 

FC is an important structure for the stability of the 
plaque. Falk'« noted that >75% of major coronary 
thrombotic events were precipitated by atherosclerotic plaque 
rupture, which resulted in the exposure of thrombogenic 
subendothelial plaque constituents. Falk and other research- 
erst7-i9 suggested that plaque disruption and erosion was the 
critical feature in these moderately stenotic, high-risk lesions. 
MRl can detect FC status (thick, thin, and ruptured) ex vivo 
and in vivo.'^'^^^o Hatsukami et aP^ demonstrated that high- 
resolution MRl with a 3D TOF protocol was capable of 
distinguishing intact, thick FCs from intact thin and ruptured 
caps. There was a high level of agreement between MRl and 
histological findings (89% agreement, k=0.83). Yuan et al'^ 
in our group using the same technique demonstrated that MRl 
identification of a rupOured FC was highly associated with a 
recent history of transient ischemic attack or stroke. 
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By the AHA classification, ^ the FC may be thin or thick 
for type IV (atheroma) and type V (fibroatheroma) lesions 
and may be defective for type VI. Both are advanced 
atherosclerotic lesions and are clinically relevant. Therefore, 
in the modified classification in the present study, we used 
MRI to differentiate ruptured FCs from intact PCs and did not 
categorize thin or thick FCs within type TV and V lesions, 
although we can do this with the current technique. In fact, 
the prognosis of atherosclerotic plaque with thick or thin FCs 
may be different. In a systematic pathological study with a 
large number of coronary arteries, Virmani and colleagues*^ 
proposed a simpler classification based on a descriptive 
morphology that focuses on the state of the FC. Their 
classification scheme included 7 categories: intimal xan- 
thoma, intimal thickening, pathological /intimal thickening, 
FC atheroma, thin FC atheroma, calcifiea nodule, and fibro- 
calcific plaque. MRI may detect thin FC atheroma and 
provide more information to the clinician. In the future, a new 
mixed lesion-type classification of carotid artery based on 
both histology and MRI may be more practical for the 
evaluation of patients with carotid atherosclerotic plaque. 

Study Limitations 

All the MR images were obtained from patients undergoing 
carotid endarterectomy. Thus, the atherosclerotic lesions in 
major part of the specimens were advanced. Only 12 loca- 
tions for type I-II and 9 locations for type VIII lesions were 
included in this study, and the sensitivity of type MI and Vni 
was relatively low. The results should be interpreted with 
caution. A representative study for these classifications may 
require scanning more patients with earlier lesions and 
lesions in different parts of the vascular beds; however, it will 
be difficult to obtain histological confirmation. 

The most pressing j^iice^ ^^^^|^^ lesion-type classifica- 
tion deals with the rei^lution 0f MRI. Although we obtained 
die best current resolution for iI^v<^y^^RI|^cS^5tid'^^ 
study, the resolutio^was not good eh^gh^p detect^maUj 
structures or components, such %s erosion,|^mall siMaqei. 
defect, or small amounts of hemorrhage <0.25 mm in size. 



effect averages the signal of small components and can cause 
false-negative results (8 of 17 false-negative cases in the 
lesion type VI category). Further improvement in coil design, 
modification of imaging parameters, and faster hardware are 
needed. 

Some new MR technologies have been used in the char- 
acterization of carotid atherosclerotic plaque. Shinnar et al^ 
and Toussaint et aP' showed that diffusion- weighted MRI ex 
vivo was a good technique for identifying thrombus and 
hemorrhage in plaque. However, there are significant prob- 
lems in obtaining high-resolution diffusion images of carotid 
plaque in vivo, because of motion and low signal-to-noise 
ratio of these imaging techniques. Yu et aH^ noted that a 
novel fibrin-targeted paramagnetic nanoparticle contrast 
agent might allow sensitive early detection of unrecognized 
vascular pathology (thrombus) in high-risk patients. Re- 
cently, Yuan et al^ showed that comparison of pre- and 
post-contrast-enhanced TIW images might further improve 



the accuracy of MRI for distinguishing plaque tissue types. In 
addition, contrast-enhanced MRI may be the only reliable 
means to detect neovasculature that can contribute to plaque 
instability .'-^ These new technologies and new agents will 
increase our ability to detect the components of the athero- 
sclerotic plaque in vivo and allow us to achieve better 
, classification capabilities. 

Our multicontrast imaging protocol has been optimized 
since this study was undertakea Specifically, the TI time of 
the double-inversion recovery TIWI is now set at 330 ms, 
which provides adequate flow suppression. A multislice 
double-inversion recovery technique was developed and 
adapted for T2W and PDW imaging with improved flow 
suppression and reasonable acquisition time. 

Conclusions 

We have shown that high-resolution MRI is capable of 
classifying intermediate to advanced atherosclerotic lesions 
in the human carotid artery according to a modified AHA 
classification and is capable of distinguishing advanced 
lesions from early and intermediate plaques. This study 
demonstrates that high-resolution MRI can, with a high 
degree of sensitivity and specificity, detect characteristics of 
the vuhierable plaque, such as a thin or ruptured FC, a large 
lipid or necrotic core, and intraplaque hemonhage. With this 
new capability of lesion classification, MRI can be used to 
noninvasively examine the mechanisms of regression and 
progression of the carotid atherosclerotic plaque. 
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